The interaction and diffusion of lithium atoms in a (5,5) carbon nanotube is studied using density-functional theory. The Li-nanotube interaction perpendicular to the tube axis for a single Li inside and outside the tube is calculated and compared with the Li-graphene interaction obtained using the same technique. Both interactions are similar in the repulsive region but exhibit differences in their attractive part. Nevertheless, they can be described using a common parametrization. The Li-Li interaction is calculated as a function of their separation inside the tube. This interaction is similar to a screened repulsive Coulomb potential at small separations. However, at larger separations, the Li-Li interaction does not vanish and shows residual oscillations. This repulsive long-ranged interaction favors concerted diffusion of many Li atoms compared to the independent diffusion of individual Li inside the tube. The interaction and diffusion of lithium atoms in a ͑5,5͒ carbon nanotube is studied using density-functional theory. The Li-nanotube interaction perpendicular to the tube axis for a single Li inside and outside the tube is calculated and compared with the Li-graphene interaction obtained using the same technique. Both interactions are similar in the repulsive region but exhibit differences in their attractive part. Nevertheless, they can be described using a common parametrization. The Li-Li interaction is calculated as a function of their separation inside the tube. This interaction is similar to a screened repulsive Coulomb potential at small separations. However, at larger separations, the Li-Li interaction does not vanish and shows residual oscillations. This repulsive long-ranged interaction favors concerted diffusion of many Li atoms compared to the independent diffusion of individual Li inside the tube.
I. INTRODUCTION
The properties of lithium doped carbon nanotubes have been studied extensively over the past decade.
1- 11 The early research in this area was initiated by the observation that lithium intercalated carbon nanotubes offered much higher Li capacity ͑ranging from Li 1.6 C 6 to Li 2.7 C 6 depending on processing conditions 1,4-7 ͒ compared to graphite intercalation compounds ͑LiC 6 under optimal conditions 8, [12] [13] [14] [15] [16] [17] [18] ͒. The enhanced Li composition in nanotubes is expected to improve the performance of Li-ion rechargeable batteries. 8, 14, 18 The doping of single wall carbon nanotube ͑SWCNT͒ by Li is also known to increase hydrogen storage capacity. 19, 20 Many experimental studies 2, 3, 6, 9, 21, 22 have been carried out to determine the energetics of lithium adsorption in nanotubes.
Theoretical investigations have focused on the intercalation of Li in SWCNTs, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] in multiwall carbon nanotubes ͑MWCNTs͒, 9, 21, 23, 37 and the calculation of energy barriers for entry and diffusion of Li inside the tubes. 24, 25, 27, 29, 30, [32] [33] [34] [37] [38] [39] The binding energy of Li to nanotubes of different diameters and chiralities has been obtained in several papers 4, [23] [24] [25] [26] [27] [28] [29] [32] [33] [34] [35] 37, 38, 40 using ab initio methods. The following general features of the Li-tube interaction emerge from these studies: The energies of absorption inside and outside the tube are similar for a single Li atom. Almost complete charge transfer occurs from the Li to the tube walls. The diffusion barrier for the motion of Li inside nanotubes is small, on the order of 100 meV depending on the path, implying fast diffusion. The interaction of Li atoms inside SWCNTs has mostly been inferred 23, 24, [26] [27] [28] [29] [30] 38 and calculated explicitly only for a few nanotubes. 26, 32 The Li-Li interaction inside the tube is found to be flat and short-ranged with strong screening at small separations. One study 26 noted that weak Li-Li repulsive interactions persisted up to large separations.
Most ab initio studies based on density-functional theory 41 ͑DFT͒ typically involve different schemes and approximations and consider various types of nanotubes. This makes it difficult to compare the results. A systematic study of how the interaction of Li with the tube walls and with other Li affects the diffusion of Li in the nanotube has not been carried out. The objective of this paper is to analyze in detail the Li-tube and Li-Li interactions for one specific system ͓a ͑5,5͒ carbon nanotube͔ and understand how it influences the diffusion of Li. Many different configurations of Li atoms in the nanotube are examined. The energies of various configurations can be directly correlated with specific features of both Li-tube and Li-Li interactions that depend sensitively on the position of Li relative to the framework of carbon atoms. The detailed analysis shows that concerted diffusion of many Li ions is more favorable than the uncorrelated motion of individual ions.
The rest of this paper is organized as follows: Section II describes the methodology used and the testing of pseudopotentials. Section III is focused on the Li-tube interaction for a single Li and the parametrization and comparison of this potential with the Li-graphene interaction. Section IV treats the Li-Li interaction inside the nanotube. Section V describes the diffusion of Li inside nanotubes. Section VI presents a summary of the main results.
II. COMPUTATIONAL METHOD AND VALIDATION OF PSEUDOPOTENTIALS
We have used the DFT as implemented in the FHI98MD code 42 in all our calculations. The parametrization by Perdew and Wang 43 was used for exchange and correlation in the local density approximation ͑LDA͒. The ͑2s 2 2p 2 ͒ electrons of carbon and the ͑2s 1 ͒ electron of lithium were treated explicitly while the core electrons of C and Li were described by Troullier-Martins pseudopotentials 44 in the KleinmanBylander separable form. 45 The Li pseudopotential included an additional nonlinear exchange-correlation interaction between core and valence electrons. 42, 46 The electronic wave functions were expanded in a plane-wave basis. The kinetic energy cutoff was set at 680 eV ͑50 Ry͒ and all energies were converged to 2.7 meV ͑10 −4 Hartree͒.
In our earlier work on the Li-graphene system, 47 the Li and C pseudopotentials were tested individually by calculating bulk properties of graphite and lithium. We now test them together in different Li-C environments. In the first test, we have obtained the interaction energy of the lithium carbide ͑LiC͒ molecule using the same pseudopotentials but with two different codes ͓FHI98MD ͑Ref. 42͒ and ABINIT ͑Ref. 48͔͒ as well as an all-electron method. 49 The results are presented in Fig. 1 . For comparison, we also show multireference configuration interaction ͑MRCI͒ results from Machado et al. 50 Isolated points represent the pseudopotential calculations, dotted and dashed curves represent, respectively, allelectron results with ͑LSDA͒ and without ͑LDA͒ spin polarization and the solid curve corresponds to the MRCI values. The pseudopotentials reproduce all-electron results not only close to the equilibrium configuration but also at small and large Li-C separations. The LSDA result is qualitatively similar to the MRCI result and non-spin-polarized LDA gives a reasonable description of the Li-C interaction.
The second test was done on the Li-graphene system to examine if the pseudopotentials properly describe the sp 2 hybridization of C which occurs in both graphene and nanotubes. We have previously reported 47 the binding energy and equilibrium distance between Li and graphene calculated with the same pseudopotentials. We compare these results with new all-electron LDA calculations for the interaction of a Li with ͑unrelaxed͒ graphene using the WIEN2K code 51, 52 in Table I . The energy barriers for penetration of Li into graphene at the center of a C hexagon are shown in the table for both methods. There is good agreement for the equilibrium distance but the binding energy and energy barrier are smaller for pseudopotential calculations compared to the allelectron values.
Summarizing, the pseudopotentials chosen in this and our earlier work 47 give results in agreement with all-electron calculations for pure phases of Li and C, the LiC molecule, and the Li-graphene system. The pseudopotentials describe Li and C atoms in very different environments and, thus, are suitable to study interactions in the Li-nanotube system.
A hexagonal supercell with periodic boundary conditions was used to represent the ͑5,5͒ nanotube with the z direction along the axis of the tube. The length of a hexagonal edge perpendicular to the tube axis was 15.32 Å. A supercell containing 60 carbon atoms ͑denoted as 60 C with a periodicity of 7.38 Å along z axis͒ was sufficient for calculating the Li-tube interaction perpendicular to the tube axis while a larger supercell containing 120 carbon atoms ͑denoted as 120 C with a periodicity of 14.76 Å along the z axis͒ was used for Li-Li interactions and diffusion barriers. Configurations with up to 12 Li atoms inside the 120 C supercell were studied while all calculations with the 60 C supercell contained only one Li atom. The Brillouin zone was sampled using the Monkhorst-Pack scheme 53 with two inequivalent k points for the 60 C supercell and only the ⌫-point for the 120 C supercell.
We define ⌬E to be the interaction energy per Li atom given by
where n represents the number of Li atoms per supercell, E͑tube+ n Li͒ is the energy of the tube with n Li atoms, E͑tube͒, the energy of the tube without Li, and, E͑Li͒, the energy of a single Li ͑all the energies are calculated in the same supercell͒. The nanotube was relaxed with and without Li. The structural distortion of the tube was very slight and the relaxed total energies differed negligibly from the corresponding values for a rigid tube. Thus, all results are with reference to the unrelaxed tube geometry.
III. LITHIUM-NANOTUBE INTERACTION NORMAL TO THE TUBE AXIS
This section describes the Li-tube interaction perpendicular to the tube axis and its comparison with Li-graphene interaction. 47 The symmetry of the ͑5,5͒ tube implies that the most favorable positions for Li are along a straight line passing through the center of a six-member carbon ring on one side of the wall and the midpoint of a C-C bond on the opposite side as shown in Fig. 2 plicity, we refer to the carbon ring as a "hexagon" from now on, though it is not contained in a plane. Figure 3 shows the Li-tube interaction perpendicular to the axis as a function of Li position inside and outside the tube with D taken to be the origin. The origin of the energy axis was taken as the sum of the energies of the pure nanotube and a single Li atom ͓Eq. ͑1͒ with n =1͔. The curve labeled "LDA 60C cell" in Fig. 3 represents ⌬E calculated with the 60 C supercell. Some calculations were done with the 120 C supercell and these results are labeled "LDA 120C cell." The interaction energy in the 60 C supercell is almost the same as in the 120 C supercell. This suggests that the z period of the 60 C supercell is sufficient to study the interaction along a line perpendicular to the axis. ⌬E is nearly zero when the Li is close to the sidewall of the supercell ͑7.66 Å͒. This implies that the supercell dimension perpendicular to the axis ͑15.32 Å͒ is sufficient to avoid the interaction between the Li atom and the carbon nanotube from an adjacent supercell. To check the validity of the results based on LDA, Fig. 3 also shows the interaction energy calculated using the Becke-Lee-Yang-Parr ͑BLYP͒ ͑Refs. 54 and 55͒ generalized gradient approximation ͑GGA͒ for the exchangecorrelation functional. As seen from the plot, there is no significant difference between using LDA and GGA in accordance with recent results. 40 Starting from the right in Fig. 3 , position A represents an energy minimum when Li is bound outside the tube; B, a maximum when the Li is at the center of a hexagon on the tube wall; C, a minimum when Li is bound inside the tube in Region I; D, a maximum when Li is on the axis of the tube; E, a minimum when Li is bound inside in Region II; F, a maximum ͑not calculated because structural relaxation is important in this case͒ when Li is at the midpoint of a C-C bond, and, G, a minimum when Li is outside the tube. The positions of the extrema and their corresponding energies ͑calculated with LDA͒ are given in Table II .
Position C inside the tube is marginally more favorable for binding Li than position A on the outside ͑the difference in energy is 0.06 eV͒. The results for position C are in good agreement with earlier calculations: Meunier et al. 27 obtained an equilibrium distance of 1.29 Å using LDA and Zhao et al. 34 obtained 1.33 Å using GGA with interaction energy equal to −2.33 eV ͑occasionally, both LDA and GGA calculations 40 give an opposite result where Li binds more strongly to the outside than to the inside of the tube͒. Comparing the two minima inside the tube, Li is bound more strongly to the tube at position C than at E in conformity with earlier results. The energy barrier for inserting a Li atom through the ͑unrelaxed͒ tube wall is the interaction energy at B, namely, 6.64 eV ͓smaller than the barrier in the case of the graphene sheet ͑see Table I͒ due to the curvature͔. The static diffusion barrier for the entry of Li from outside the tube is the difference in interaction energy between minimum A and maximum B, equal to 8.75 eV from Table II . This value is numerically smaller than the ones obtained earlier by Meunier et al. 27 using LDA ͑13.5 eV͒ and Nishidate and Hasegawa 40 using both LDA ͑9.70 eV͒ and GGA ͑10.12 eV͒. Nevertheless, Li diffusion through the tube wall for temperatures below the melting point of the tube is impossible even for this smaller value.
The Li-tube interaction shown in Fig. 3 and the Ligraphene interaction obtained earlier 47 can be compared effectively if both potentials are plotted using a common reference wall. The graphene sheet defines the "wall" for the Li-graphene interaction as it corresponds to an energy maximum. The "geometric" tube wall is a cylindrical surface of radius r = 3.39 Å for the unrelaxed tube. The energy maxima B and F are not on the geometric wall: B is located at rЈ = 3.22 Å in Region I while F is located at rЉ = 3.32 Å in Region II. The difference between the locations of the "geometric" and "energy" walls is due to the curvature of the tube. Consider the Li atom at B. It has six first-neighbor C atoms that form a bent hexagon. If this hexagon was planar ͑as in graphene͒ the maximum repulsion would be located at the center of the hexagon and the geometric and energy wall would coincide. The curvature of the tube moves maximum B inward to rЈ = 3.22 Å. At position F, Li has only two firstneighbor C atoms forming a C-C bond on the tube wall. Elemental geometry shows that the midpoint of this bond is at rЉ = 3.32 Å. Figure 4 shows the Li-tube interaction when Li is positioned in Region I and the Li-graphene interaction calculated earlier. 47 Both potentials are plotted versus the distance to the "energy wall" ͑denoted by x͒. The interaction energies inside and outside the tube are virtually identical from close to the energy wall up to the equilibrium positions which are 0.03 Å apart: There are differences in the attractive part because the potential outside the tube tends to zero while inside the tube the interaction reaches a maximum on the tube axis ͑x = rЈ͒. ͓For r Ͼ rЈ, Li is attracted to minimum E ͑Fig. 3͒ and this is shown in Fig. 5 .͔ There are also differences at very small distances and at the equilibrium position because the lithium atom sees a planar carbon hexagon in the case of graphene and a nonplanar hexagon in the case of the tube. Figure 5 shows the Li-tube interaction perpendicular to the axis for Li inside and outside the tube in Region II using the energy wall rЉ as the origin. The repulsive interaction inside and outside the tube is almost identical but the agreement is not so close ͑the two minima are 0.04 Å apart and the difference in energy is 0.27 eV͒ as in Region I ͑Fig. 4͒. Once again, the differences are bigger in the attractive part due to boundary conditions. A common parametrization that represents both Ligraphene and Li-tube interactions normal to the lattice is useful because it can serve as an empirical potential in largescale simulations. The Li-nanotube and Li-graphene potentials in both Regions I and II ͑plotted with the energy wall as the reference͒ can be fitted using the following simple analytical form:
where x represents the distance to the energy wall. This ͑0-2-6͒/͑0-2-6͒ Padé rational function is flexible enough to suit Li-tube and Li-graphene interactions both at short and long distances. The fitting parameters are presented in Table III  and 47 we had fitted the Li-graphene potential as a sum of two functions: a screened Coulomb interaction resulting from the charge transfer between Li and C atoms and a modified Lennard-Jones interaction with an asymptotic decay of x −4 . The form chosen in Eq. ͑2͒ has the same asymptotic decay when the coefficient a 3 = 0. As seen from Table III , the Li-graphene and the Li-tube interactions for Li outside the tube have been fitted with a 3 = 0 to match the asymptotic decay to the earlier work. The well-known difficulties of the LDA to reproduce long-range van der Waals interactions have been discussed in our earlier work. 47 However, because of the sizable charge transfer, the main contribution to the interactions in the Li-nanotube and Li-graphene systems is of electrostatic origin, and the van der Waals contribution is minor at the relevant distances. Therefore, the calculations presented above are expected to be correct not only in the repulsive region and near the equilibrium distance, but also for separations substantially larger than the equilibrium distance, as noted before. 47 Thus, the versatile Padé form enables us to fit both the screened Coulomb interaction at small separations and the different forms of asymptotic behavior for Li inside and outside the nanotube. The existence of a simple analytical form that describes the adsorbate-lattice interaction from the lattice wall to large distances lends support that a universal potential as found for pure graphitic-carbon systems 56 may also exist when Li ions are also present in such structures.
IV. LITHIUM-LITHIUM INTERACTION INSIDE THE NANOTUBE
In this section, we examine how two or more Li atoms interact inside the nanotube. All calculations have been done using the 120 C supercell. The relaxation of two Li atoms showed that both Li were aligned parallel to the axis at the same distance as found for a single Li atom ͑1.46 Å͒ and the lowest energy Li-Li separation was 7.38 Å ͑the maximum value allowed in this supercell͒. We consider a linear chain positioned at 1.46 Å from the tube axis with two, three, four, or six Li atoms in the supercell to study the Li-Li interaction inside the tube. This simple arrangement enables a systematic evaluation of Li-Li interactions with separation. The periodicity of the supercell along the tube axis implies that an infinite chain of Li atoms is positioned parallel to the tube axis inside adjacent 120 C supercells. The charge-charge interaction between Li in neighboring supercells perpendicular to the tube axis is negligible due to the effective screening by tube walls and due to the large lateral size of the supercell. Table IV lists ⌬E, the interaction energy per Li atom, for all the configurations shown in Fig. 6 . Figure 7 shows the interaction energy per Li atom, as a function of the Li-Li separation when only two Li atoms are inside the supercell. The energy of configuration a in Fig. 6 ͑with only one Li in the supercell͒ was taken as energy origin. We also include for comparison the interaction energy per Li in a Li dimer ͑lower curve in Fig. 7͒ calculated under the same conditions but without the nanotube ͑in both cases the results for separations below 1.7 Å are only qualitative because the core radius 47 of the Li pseudopotential used is 0.84 Å͒. The dimer interaction has a minimum located at 2.71 Å in good agreement with earlier LDA all-electron calculations ͑2.72 Å͒ ͑Ref. 57͒ and close to the experimental binding distance ͑2.67 Å͒. 58 The repulsion between Li ions inside the tube is greater than the repulsion between neutral Li atoms forming the dimer. Nevertheless there is screening of the Li-Li repulsion inside the tube and the interaction can be fitted to a screened Coulomb potential at small separations ͑Ͻ2 Å͒. At larger separations ͑Ͼ3.7 Å͒, the interaction clearly displays an oscillatory character that extends up to the maximum separation of 7.38 Å. This feature arises from two separate effects: ͑i͒ The Li-Li repulsion is a monotonically decreasing interaction that extends to large separations between the ions due to incomplete screening; ͑ii͒ The Li-tube interaction also contributes to ⌬E and its magnitude depends on the position of Li with reference to the hexagonal carbon framework. As seen from Table II , Li located on top of centers of hexagons ͑minimum C͒ have lower energy compared to Li located on top of the midpoint of a C-C bond ͑minimum E͒. Both positions represent equilibrium inside the tube but with a small difference in energy on the order of 0.1 eV. The Li-tube contribution is thus modulated as a function of Li-Li separation. Special configurations where both Li atoms are located on top of centers of hexagons are more favored energetically than separations where one Li is on top of the midpoint of C-C bond. This "fine" feature leads to an oscillation of ⌬E parallel to the tube axis. Since the contribution from the modulation is small, the oscillatory feature of the Li-Li interaction ͑⌬E͒ is observed only at large separations ͑Ͼ3.7 Å͒ when its magnitude is not negligible compared to that from ion-ion repulsion. In principle, the special separations giving rise to a local minimum in ⌬E can correspond to any integer multiple of 2.46 Å ͑the distance between the centers of neighboring hexagons͒. Configurations b and h ͑Fig. 6͒ with Li-Li separation of 7.38 Å and 4.92 Å, respectively, correspond to local minima in Fig. 7 . Configuration f where the Li-Li separation is only 2.46 Å is not a local minimum because the ion-ion repulsion is large ͑Ͼ0.1 eV͒ and effectively masks the small "geometric" modulation. Configurations g and i are local maxima and correspond to one Li located on top of the center of a hexagon and the other on top of the midpoint of a C-C bond.
Configurations c, d, and e represent, respectively, three, four, and six equidistant Li atom chains in the supercell while configuration j corresponds to a three-atom chain with unequal separations. As the number of Li atoms increases, ⌬E exhibits additional local minima and maxima due to more possibilities of placing Li atoms on top of centers of hexagons and C-C bonds. The long-range oscillatory character of the Li-Li interaction persists for higher Li densities. Earlier calculations 23, 26, 27, 34 on ͑5,5͒ and other nanotubes have noted that the Li-Li interaction inside the tube is long ranged. However, many of these calculations predict a rather flat Li-Li potential for separations larger than 3 Å. Our results show many metastable positions of Li atoms with similar interaction energies per Li. Comparing the energies of configurations a and b in Table IV suggests that the oscillatory character of Li-Li interactions may also persist for separations larger than 8 Å ͑a range which can be probed only by going to supercells larger than 120 C͒. The significance of such long-range oscillations and their effect on the diffusion of Li is discussed in Sec. V.
V. DIFFUSION OF LITHIUM INSIDE THE (5,5) NANOTUBE
The diffusion of Li inside nanotubes has been studied extensively. 24, 25, 27, 29, 30, [32] [33] [34] [37] [38] [39] The independent diffusion of individual Li atoms has been considered by a combination of ab initio and simulation methods. The energy barriers have been calculated over either fixed paths ͑"constrained" diffusion͒ or "unconstrained" paths where the movement of Li inside the tube is not restricted. The following results are specific to ͑5,5͒ nanotubes: The diffusion barrier for individual Li atoms is very low 24,25,27,29,30,32-34,37-39 implying fast diffusion. Recent studies [32] [33] [34] have found that a helicoidal path has a lower barrier than a path parallel to the tube axis. Dynamical simulations 27 have shown Li ions arranged over a cylindrical surface of radius 2.1 Å inside the tube. Our objective is to examine how the diffusion mechanism is affected by the long-ranged oscillatory Li-Li interaction.
Concerted diffusion of chains or clusters of atoms has been proposed for surface adsorbates, [59] [60] [61] [62] [63] [64] molecules inside sieves [65] [66] [67] and for Li, Na, and K ions inside biological ion channels. [68] [69] [70] This process often occurs when there is a mismatch between the equilibrium positions ͑minima͒ of the adsorbate-lattice interaction and the adsorbate-adsorbate interaction. 65, 66 In situations where the adsorbate-adsorbate interaction is mainly repulsive, concerted diffusion can become viable if there are many metastable positions of the adsorbates with almost similar energies. This is the case for ions diffusing inside ion channels 68 where the metastable positions are located at special values related to the structure of the channel. The potential energy landscape as a function of ion-ion separation is then relatively flat on a coarse scale but exhibits small humps and valleys on a "fine" scale. This feature promotes the concerted movement with a very low energy barrier because contributions from adjacent adsorbates nearly cancel as the humps and valleys of the energy landscape are sampled by many adsorbates concurrently.
The Li-Li interaction discussed in Sec. IV exhibits many of the features that are known to favor concerted diffusion. We now examine if this process is more favorable for diffusion of Li inside the ͑5,5͒ nanotube. We obtain the diffusion barrier for individual Li atoms and compare it with the barrier for the concerted movement of several Li atoms. All barriers are calculated using the 120 C supercell. In both cases, we consider a "constrained" pathway that always maintains the Li atoms at the equilibrium distance perpendicular to the tube axis ͑i.e., the Li lie on a line parallel to the tube axis at a distance of 1.46 Å and only undergo displacements along this line͒.
The static diffusion barrier is obtained as follows: Starting with a given configuration, we calculate ⌬E as a function of Li displacement ͑the same for all atoms͒ along the constrained path. The diffusion barrier is the difference between the maximum and minimum energy configurations along this path. When the supercell contains a single Li atom, the barrier corresponds to nearly independent diffusion because the Li-Li interaction from adjacent supercells is negligible. When the supercell contains two or more Li atoms, the barrier refers to concerted diffusion. It is convenient to use labels C, M, and I ͑see inset of Fig. 8͒ to represent Li positions at the top of center of a hexagon, the midpoint of a C-C bond, and the midpoint between C and M, respectively.
The lower curve in Fig. 8 shows ⌬E for a single Li as a function of its displacement along the constrained path. It is a symmetric curve with a maximum at M and two equivalent minima at C separated by 2.46 Å. The "constrained" diffusion barrier is 177 meV for a single Li. The upper curve in Fig. 8 shows ⌬E as a function of Li displacement for a chain of four equidistant Li atoms in the supercell. The configuration at the origin corresponds to the arrangement CMCM ͑d in Fig. 6͒ and is a local maximum in the interaction energy as explained in Sec. IV. An equivalent configuration with the same energy as d is reached when all four Li atoms are displaced rigidly by 1.23 Å, the periodicity of ⌬E for the upper curve. The arrangement IIII ͑that is, with the four Li atoms at I positions͒ corresponds to the local minimum energy configuration for a chain of four equidistant Li atoms separated by 3.69 Å. The constrained barrier per Li for the concerted diffusion of the chain is just 11 meV compared to 177 meV for a single Li. There is a very low energy barrier between configurations IIII and CMCM because half the Li atoms are displaced downhill ͑from I to C͒ while the remaining half are displaced uphill ͑from I to M͒ making the net activation energy very small. The calculated maximum and minimum energy configurations of the four-atom chain are very slightly shifted from the geometric positions labeled as CMCM or IIII above. However, the diffusion barrier changes by less than 1 meV by this offset.
The static diffusion barrier for a linear chain of one, two, three, four, or six Li atoms in the supercell ͑see Fig. 6 for specific configurations͒ is listed in the last column of Table  IV The arrangement of Li in configurations g and i are of the type CMCM. . .. Thus, as explained for configuration d in Fig. 8 , the concerted barrier is expected to be similar to that of d and this is indeed observed. Once again, the small differences between the barriers for d, g, and i are related to changes in the amplitude modulation of the Li-Li interaction for large separations. Configuration j has an odd number of Li atoms in the supercell with the arrangement CMCCMC... with unequal separations between the Li. The concerted diffusion barrier is higher than those obtained for even number of Li atoms due to uneven cancellations in the total activation energy. Summarizing all the results shown in Table IV , the trends suggest several configurations for which concerted diffusion along constrained paths has lower activation energy than that of a single atom.
We have calculated the Li-tube interaction for a single Li placed on radial lines different from the one considered earlier ͑Fig. 2͒. In all cases, the variation of ⌬E is similar to that found in Sec. III. Positions of Li which are closer to C ͑Fig. 8͒ have lower energy than positions closer to M. We have also calculated the static diffusion barrier of a single Li for two additional pathways different from that shown in Fig. 8 . Consider an unconstrained planar path where the distance of Li to the tube axis is not fixed at the equilibrium value of 1.46 Å. The atom can then be displaced away from the tube wall when its path approaches the midpoint of a C-C bond. The barrier in this case is just the difference between the energies corresponding to Li positions C and E in Fig. 3 . Using Table II , the unconstrained barrier is 142 meV. This is smaller than the constrained barrier for a single Li ͑177 meV͒ but larger than those previously reported ͓35 meV ͑Ref. 27͒ and 79 meV ͑Ref. 34͔͒ for unconstrained planar motion of single Li atoms. This discrepancy could be due to differences in the methods used: In our calculations the barrier is obtained as the difference in energies between two static equilibrium configurations. In the earlier papers, the barrier was estimated by dynamical methods where a Li ion samples the energy landscape by moving under the influence of a constant force.
We have also calculated the diffusion barrier for a helicoidal but constrained path such that the distance of the Li from the tube axis remains fixed at 1.46 Å. We obtained a barrier of 94 meV which is again larger than earlier results ͓46 meV ͑Ref. 34͔͒ possibly for the same reason. Nonetheless, the barrier for the helicoidal path is smaller than the constrained and unconstrained barriers ͑177 meV and 142 meV, respectively͒ calculated for planar paths. This trend is in conformity with the finding 34 that a helicoidal path leads to the minimum barrier for a single Li diffusion along the tube.
In addition to the linear chain discussed in Sec. IV, we have also considered other arrangements where the number of Li atoms in a 120 C supercell ranges between 2 and 12. In some of these, Li atoms are positioned in a zigzag manner on opposite sides of the tube axis at different locations ͑C, M, I, etc.͒ and separations inside the tube. ⌬E, the binding energy per Li, displays the same trends as those found in Sec. IV: There are numerous metastable positions of Li inside the tube with ⌬E varying in a narrow range ͑−1.90 to −2.16 eV͒. For example, six Li atoms arranged in a zigzag manner have nearly the same ⌬E ͑in the range −1.90 to −1.92 eV depending on Li positions͒ as a linear chain of 4 Li discussed in Sec. IV. A distribution of 12 Li atoms on a plane containing the tube axis has a lower ⌬E ͑−1.53 eV͒ than a linear chain of six Li atoms ͑−1.43 eV͒. In general, for similar positions of Li, ⌬E is lower for a configuration with larger Li-Li separation than with a smaller separation. The analysis of many such configurations shows that the Li-Li interaction displays oscillations along directions other than those considered in Sec. V. The energy landscape of Li inside the tube thus consists of many small barriers separating metastable states of similar energies superposed on a monotonically decaying repulsive interaction. This energy profile suggests that concerted diffusion of many Li will be favored even along helicoidal and other unconstrained paths.
VI. SUMMARY
We have discussed two aspects of Li interactions inside the ͑5,5͒ nanotube: ͑i͒ the interaction of a single Li atom with the tube along a line perpendicular to the tube axis and ͑ii͒ the Li-Li interaction along the tube axis. The two interactions have the following features: The binding of Li at position C is stronger than at position M ͑see inset of Fig. 8͒ but the difference in energies is small. A common parametrization describes the Li-tube and Li-graphene interactions for all positions of Li. The Li-Li interaction inside the tube is long-ranged ͑persists up to 8 Å or more͒. At small separations between Li, the interaction is similar to a screened Coulomb repulsion. At long ranges, the interaction displays oscillations due to incomplete screening of ion-ion repulsion superposed with the modulation of Li-tube interaction along the axis. This oscillatory ion-ion repulsion then favors the concerted diffusion of many Li atoms compared to the independent diffusion of individual atoms. The barrier for concerted diffusion depends on the density and geometric arrangement of Li atoms. It is an order of magnitude smaller than that for individual Li inside a ͑5,5͒ nanotube.
